Abstract The Regional Feedstock Partnership is a collaborative effort between the Sun Grant Initiative (through Land Grant Universities), the US Department of Energy, and the US Department of Agriculture. One segment of this partnership is the field-scale evaluation of switchgrass (Panicum virgatum L.) in diverse sites across the USA. Switchgrass was planted (11.2 kg PLS ha −1 ) in replicated plots in New York, Oklahoma, South Dakota, and Virginia in 2008 and in Iowa in 2009. Adapted switchgrass cultivars were selected for each location and baseline soil samples collected before planting. Nitrogen fertilizer (0, 56, and 112 kg N ha −1 ) was applied each spring beginning the year after planting, and switchgrass was harvested once annually after senescence. Establishment, management, and harvest operations were completed using fieldscale equipment. Switchgrass production ranged from 2 to 11.5 Mg ha −1 across locations and years. Yields were lowest the first year after establishment. Switchgrass responded positively to N in 6 of 19 location/year combinations and there was one location/year combination (NY in Year 2) where a significant negative response was noted. Initial soil N levels were lowest in SD and VA (significant N response) and highest at the other three locations (no N response). Although N rate affected some measures of biomass quality (N and hemicellulose), location and year had greater overall effects on all quality parameters evaluated. These results demonstrate the importance of local field-scale research and of proper N management in order to reduce unnecessary expense and potential environmental impacts of switchgrass grown for bioenergy.
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Introduction
Switchgrass has been extensively studied for its value as a forage, conservation, and bioenergy crop [2, 20, 22, 25, 27] . It offers a number of distinct benefits to many annual row crops including broad adaptation, improved soil conservation and quality [13, 20] , reduced greenhouse gas emissions [19] , and carbon sequestration [6, 13, 16, 17, 26] . In particular, it has high yield potential on land marginal to row crop production [23] . In a previous work in South Dakota, USA, Mulkey et al. [23] found that switchgrass grown in marginal soil was well suited for sustainable biomass energy production. Although switchgrass tolerates low soil fertility, optimizing biomass and maintaining quality stands require nitrogen (N) fertilizer inputs and proper management. Switchgrass may respond positively to N fertilization, but its response varies with regional environment and soil fertility [8, 10-12, 14, 22, 23, 32] . Switchgrass biomass increased with increasing N rates up to 168 kg ha −1 in low organic matter and low fertility soils in Texas, USA [22] , and Vogel et al. [32] reported that each Mg of switchgrass biomass required 10 to 12 kg N ha −1 in the Midwestern USA. However, Mulkey et al. [23] reported no benefit with N application rates above 56 kg ha −1 on switchgrass-dominated Conservation Reserve Program (CRP) lands in South Dakota. In an analysis of 19 switchgrass research publications in the literature, Wullschleger et al. [34] noted that both upland and lowland switchgrass ecotypes responded to total N levels of approximately 100 kg N ha
; however, in some cases, the 0 N control produced as much biomass as switchgrass treated with 100 kg N ha −1
. A major question regarding switchgrass management as a bioenergy crop is optimizing N application rate at the field scale since excessive N fertilization may result in adverse environmental and economic effects.
Direct comparisons of N fertilization in replicated switchgrass field trials across the USA are limited. This study is one segment of the Regional Feedstock Partnership, a program funded by the US Department of Energy and coordinated by the Sun Grant Initiative, which was designed to evaluate dedicated herbaceous energy crops and CRP land across environmental gradients in the USA. Specifically, the objective of this research was to assess switchgrass yield potential and quality under varying levels of N and grown in different environments using field-scale agricultural practices. . Herbicides were applied as needed to control broadleaf and grassy weeds at each location. Since we did not have sufficient resources to plant all cultivars at all locations, one locally adapted switchgrass cultivar was selected for each site. The experimental design was a randomized complete block with four replications across the landscape. Individual plot size ranged from 0.4 to 0.8 ha to allow for use of conventional agricultural equipment. Stand establishment was determined using a frequency grid method [33] at each location the year of and year after seeding. The number of grid samples taken at each location was 12 (IA), 32 (NY), 10 (OK), 20 (SD), and 8 (VA). Three levels of N fertilizer (0, 56, and 112 kg N ha −1 ) were applied annually beginning the year after establishment at all locations. Nitrogen source was either urea or ammonium sulfate. Switchgrass was harvested once annually around a killing frost the year after establishment (year 1), the second year after establishment (year 2), the third year after establishment (year 3), and the fourth year after establishment (year 4) for SD, NY, OK, and VA. Since the IA location was planted in 2009, only year 1 (2010), year 2 (2011), and year 3 (2012) data are included. In VA, switchgrass was harvested in January of the following year to allow adequate drying of biomass or when excessive autumn precipitation prevented the use of equipment on the field.
Materials and Methods

Site Description
Determination of Yield and Subsampling
Yield was determined by harvesting switchgrass to a height of 10 to 15 cm with locally available farm-scale equipment at each location. . Each core was subdivided into depth increments of 0 to 5, 5 to 15, 15 to 30, and 30 to 60 cm, after which soil from each of the nine cores at each depth was composited for analysis. Surface residue was removed before sampling. Soil samples were initially sieved to pass an 8-mm screen and dried in a forced-air oven at 40°C until constant mass was attained. Visible plant residue and roots were removed before drying. Dried soil samples were ground to pass a 2-mm screen for chemical analysis.
Chemical Analysis
Concentrations of total nitrogen (TN), neutral detergent fiber (NDF), acid detergent fiber (ADF), acid detergent lignin (ADL), and ash in switchgrass biomass were predicted for all samples using near infrared reflectance spectroscopy (NIRS) (NIRS Model 5000; Foss NIRSystems, Silver Springs, MD) based on a calibration data set of 216 samples representing 2009, 2010, 2011, and 2012 harvest years [5] . A set of 40 samples was used for crossvalidation. Calibration and validation statistics were generated using WinISI (Version 1.5) system software (Infrasoft International LLC., State College, PA). For calibration and validation samples, NDF and ADF were determined sequentially using an Ankom200 Fiber Analyzer (ANKOM Technology Corp., Fairport, NY), ADL was determined with a Daisy II Incubator (ANKOM Technology Corp., Fairport, NY), and TN was quantified using a Vario Max CNS elemental analyzer (Elementar Instrument, Mt. Laurel, NJ). Hemicellulose was then calculated as the difference between NDF and ADF and cellulose as the difference between ADF and ADL. Ash concentrations were determined using the methods described by Undersander et al. [31] .
Statistical Analysis
Statistical analysis was performed using SAS version 9.2 [28] . PROC GLM was carried out to compare the means of the different treatments. Year, location, and N rate were considered fixed. The Duncan grouping was used to separate means among year, location, and N rate treatments when the appropriate F test was significant (P=0.05). Years 1, 2, 3, and 4 refer to the first, second, third, and fourth year after establishment, respectively. Year 1 is 2009 for SD, NY, OK, and VA, while 2010 is year 1 for IA. We felt that we could include the IA location in this data set, using number of years after planting as a factor in the model, since establishment had been 
Results and Discussion
Precipitation and Temperature
Growing conditions varied substantially at each location. Average (30-year) annual precipitation ranged from a low of 596 mm in SD to a high of 1,146 mm in VA (Table 2) . Precipitation was highly variable at each location, however. At IA, annual precipitation was 43 % above normal in 2010 and 29 % below normal in 2012, while at OK, annual precipitation never reached the average for that location (ranged from 4 to 39 % below normal). Much of the USA experienced drought conditions in 2012; this was particularly evident at the IA, NY, OK, and VA locations where total annual precipitation in 2012 was 29, 12, 39, and 12 % below normal, respectively. While each location experienced below average annual precipitation in 2012, all locations except OK had average or above average precipitation in 2010. Monthly mean temperatures for each location are shown in Table 3 . Monthly mean temperatures were generally highest at all locations in 2012 when precipitation was below normal.
Biomass Production
Year, location, and N rate significantly affected biomass yield; there was also a location × N rate interaction (Table 4) . Average biomass yield across locations and N rates significantly increased from year 1 through year 3 after establishment, while years 3 and 4 were similar in overall yield (Fig. 1) . Biomass yield of switchgrass generally increases with year until it is well established and can take up to 3 years to reach its full production potential [24] . Depending on establishment success and region, it may produce one fourth to one third of its yield potential in the establishment year and two thirds or more of its potential the year after planting [1] . However, some reports indicate that with successful establishment, good weed management, good seed quality, and favorable precipitation, switchgrass may produce one half of its yield potential in the establishment year and 75-100 % of its yield potential the year after planting [21] . Schmer et al. [27] noted that for switchgrass grown for bioenergy, a stand establishment threshold of 40 % in the year of seeding is important, while a threshold of 25 % would be adequate for conservation plantings in the Northern Great Plains. Average stand frequencies in the year of establishment for SD and VA were around 30 %, while all other locations had stand frequencies that exceeded 50 % (data not shown). Stand frequencies had exceeded 40 % by year 1 at SD and VA as well. Nonetheless, the low initial stand frequency at these two locations likely contributed to the significant increase in yield between years 1 and 2. On the other hand, yields also increased between years 1 and 2 at OK and NY, both locations with stand frequencies >50 % in the establishment year.
Although there was a significant location × N rate interaction (Table 4) , biomass yield was generally highest at NY and lowest at SD (Fig. 2) . The order of average biomass yield, from highest to lowest, was NY>IA>VA>OK>SD. A locally adapted switchgrass cultivar was planted at each location and likely contributed to differences in biomass yield among locations. Alamo (a lowland cultivar utilized in VA) generally shows greater biomass production in the Southern USA compared with Sunburst, Cave-in-Rock, and Blackwell (all upland cultivars utilized in SD, NY and IA, and OK, respectively) in the Northern Great Plains [18] . Fuentes and Taliaferro [4] reported mean switchgrass dry matter yields of lowland cultivars Alamo and Kanlow to be higher than the mean of upland cultivars Cave-In-Rock and Blackwell every year from 1994 through 2000 in Oklahoma. Biomass production of the upland cultivar Cave-In-Rock, which was planted in NY, was generally greater than that of Alamo, which was planted in VA in this study (Fig. 2) . However, based on stand frequency, Alamo at the VA location was slower to establish than any of the upland cultivars planted at NY, IA, or OK. The delay in full establishment resulted in decreased yields of this lowland cultivar in year 1 in particular. Tulbure et al. [30] utilized numerous variables to model switchgrass yields across the USA and concluded that genetics or ecotype, among other parameters, was one of the most important factors for explaining switchgrass yield variability.
Initial soil N concentration could be an important factor affecting production of switchgrass. Stout and Jung [29] reported that switchgrass grown in soil having higher soil N concentration had higher biomass accumulation. Of all locations, initial soil N concentration at all soil depths (0-60 cm) was always highest in NY (Table 5 ). The order of initial soil N concentration, from highest to lowest, was NY>IA>OK> SD>VA. However, this order was different from that of overall biomass yield (Fig. 2) , and there was no significant correlation between initial soil N concentration and biomass production (data not shown). The lack of a significant correlation was due at least in part to the fact that yield at VA was higher than that at SD and OK despite having less initial soil N.
Switchgrass responded positively to N in 6 of 19 location/ year combinations, and there was one location/year combination (NY in year 2) where a significant negative response was noted (Fig. 2) . Nitrogen rate had no effect on switchgrass biomass production in year 1 at any location. SD and VA were the two states with a relatively consistent positive relationship between switchgrass yield and N rate; these are also the two locations with the lowest initial soil N concentration. In SD, switchgrass yield increased with 56 kg N ha −1 in years 2, 3, and 4. This is similar to the results of Mulkey et al. [23] in SD using switchgrass on CRP lands. With the exception of year 3 in IA, there was no response to N at OK or IA, while in NY, switchgrass responded negatively to applied N in year 2. Based on visual evaluation of switchgrass at the NY location, there appeared to be a problem with lodging, particularly at the higher N levels. Thus, we suspect that difficulties associated with efficiently harvesting lodged biomass may have contributed to the negative response to N in year 2 in NY (H. Mayton, personal communication). The two locations (SD and VA) where positive responses to N occurred also had the lowest initial soil N concentrations, while switchgrass at the location with the highest initial soil N (NY) either did not respond or responded negatively to N. Although no response to N occurred at the IA location in years 1 and 2, there was a response in year 3. This may indicate that soil N was insufficient to maintain yields without the addition of fertilizer N at this location. However, average switchgrass production at OK increased each year with no response to N and lower initial soil N than at IA. On the other hand, switchgrass production in years 1 and 2 at OK was at least 50 % lower than in years 1 and 2 at IA; thus, less N would have been removed in biomass.
Chemical Composition
Year, location, and N rate significantly affected N concentration in biomass (Table 4) . Averaged across locations and N rates, the N concentration in switchgrass biomass the year after establishment (year 1) was about 5 g kg
, which was essentially double that of biomass from harvests in subsequent years (Fig. 3a) . The effect of year on N concentration in switchgrass biomass was especially evident at the OK and SD locations where biomass production increased significantly from year 1 to year 2, but was less evident at IA and NY IA  2010  28  19  55  93  92  284  173 285  167  12  58  18  1,284  2011  18  33  20  111  117  128  99  91  51  22  68  57  815  2012  7  44  60  122  62  75  37  74  47  59  23  26  637   30-year avg 18  22  53  98  124  124  117 117  80  66  52  29  898  NY  2009  29  19  77  52  97  120  83  133  63  77  52  46  848  2010  67  77  71  58  61  92  82  107  58  178  53  76  980 SD  2009  19  23  34  23  25  79  59  97  129  128  6  1  623  2010  26  24  36  33  69  100  64  63  137  83  6  36  677  2011  31  20  49  58  100  87  97  32  26  23  2  12  538  2012  21  23  14  93  90  43  94  59  1  102  8  35  585   30-year avg 16  14  30  53  77  97  93  74  63  48  19  12  596  VA  2009  103  35  105  84  166  120  107 184  56  67  234  163  1,424  2010  189  82  134  44  133  61  87  124  137  89  70  64  1,214  2011  60  27  106  106  125  50  57  63  173  87  144  76  1,074  2012  60  26  147  88  85  102  148 50  125  70  11  99  1,011  30-year avg 98  81  112  94  103  96  102 85  115  93  83  84  1,146 where production was similar across years. Production differences between year 1 and year 2 were also high at the VA location, but quality samples were not collected at that location in year 1 so the quality comparison was not possible. Although switchgrass maturity at harvest was not quantified since it was harvested after senescence, greater yields in years subsequent to year 1 at OK, SD, and VA likely indicate a higher proportion of reproductive tillers which may have contributed to the decline in biomass N concentration in year 2. Internodes of reproductive tillers contain less N than the NS not significant leaves which may have led to decreased N concentrations in harvested biomass [7] . Switchgrass biomass from the OK location contained a higher concentration of N than any of the other locations (Fig. 3b) . There was significant broadleaf weed encroachment in OK in year 1, likely leading to particularly high N concentration (approximately 8 g N kg −1 biomass across N rates) in harvested biomass at this location compared with other locations, and was a primary factor involved in higher average N concentrations across years. Based on a visual assessment at each location, weeds were a minor or nonexistent component of the harvested biomass in all other years and locations. Biomass from the lowland cultivar Alamo (VA location only) had the lowest overall N concentration. Cassida et al. [3] found that lowland ecotypes had lower N concentrations than their upland counterparts when harvested for biomass in the ) compared with 0 or 56 kg N ha −1 (Fig. 3c ), but there was no difference between the 0 N control and the 56-kg N ha −1 rates. These results are similar to those of Kering et al. [12] who found that biomass N concentration was higher with the application of N and K compared with the no-fertilizer control in the central USA. The magnitude of the effect of N was less than that of either location or year, however. Perennial C4 grasses, such as switchgrass, translocate up to 30 % of shoot N to rhizomes and roots during senescence [9] . Parrish and Wolf [24] observed a significant redistribution of N into belowground biomass of switchgrass at the end of the growing season. Heggenstaller et al. [10] also observed that N rate affected switchgrass root biomass and nutrient partitioning, with 140 kg N ha −1 maximizing root biomass.
Switchgrass in years 2, 3, and 4 may not have required as much applied N as in year 1 because some of the N from the first year was retained in belowground biomass. This might partially account for lower N concentration in biomass grown in years 2, 3, and 4 compared with year 1 as well. Year and location significantly affected switchgrass cellulose concentration, but N rate did not. Year and N rate affected hemicellulose concentration in biomass, and there was also an interaction effect for year × N rate. Of all the quality parameters measured, hemicellulose was the only one not affected by location (Table 4) . Averaged over locations and N rates, cellulose and hemicellulose concentrations in biomass varied substantially over time (Figs. 4a and 5a) and are due at least in part to changes in environmental conditions from year to year. Both cellulose and hemicellulose concentrations increased from year 1 to year 2 and are probably related to the production of larger, reproductive tillers in year 2 after full establishment of switchgrass at all locations. The year-to-year variability in both cellulose and hemicellulose was similar to the results seen by Mulkey et al. [23] for switchgrass harvested across three growing seasons and three locations in South Dakota, USA, but slightly different from the results of Lemus Values with the same letter within a row are not significantly different at a probability level of 0.05
(C)
N rate (Mg N ha refer to the first, second, third, and fourth year after establishment, respectively. Different letters denote significant differences at 0.05 level of probability et al. [14] who reported a linear trend of increasing cellulose and hemicellulose concentrations in switchgrass across years as yields increased.
Cellulose concentrations varied significantly among locations, but there was no effect of location on hemicellulose (Figs. 4b and 5b) . Averaged across years and N rates, refer to the first, second, third, and fourth year after establishment, respectively. Different letters denote significant differences at 0.05 level of probability. NS indicates not significant at 0.05 level of probability Lemus et al. [15] who reported higher cellulose and hemicellulose concentrations in Alamo compared with the upland cultivars Blackwell and Cave-In-Rock in Iowa. The difference in cellulose concentrations between the upland and lowland cultivars may also impact biomass conversion processes and product yield.
There was a year × N rate interaction for switchgrass hemicellulose concentration (Table 4 ). In 3 of 4 years, hemicellulose concentration decreased with increasing N, and in 1 year (year 1), the concentration of hemicellulose remained relatively constant across N rates (data not shown). Thus, the general trend was for hemicellulose to decrease with increasing N rate (Fig. 5c) , similar to what Leymus et al. [14] noted in a previous work in IA.
Year and location significantly affected lignin and ash concentrations in biomass, but N rate did not nor were there any interaction effects (Table 4 ). Both lignin and ash generally decreased with age of the stand (Figs. 6a and 7a) which is comparable to the results reported by Leymus et al. [14] for these chemical constituents. Averaged across years and N rates, lignin was the highest and ash the lowest with Alamo switchgrass grown at the VA location, while Sunburst switchgrass at the SD location had the lowest average lignin concentration (Figs. 6b and  7b ). Lignin and ash were both highest in year 1 in OK (data not shown) when broadleaf weeds were problematic during establishment. Ash was particularly high at OK in year 1 (>160 g kg −1 and two to four times the ash concentration in switchgrass from other locations) and resulted in OK having the highest overall ash concentration among all locations (Fig. 7b) .
Conclusion
Nitrogen application rate had a positive effect on switchgrass biomass production at the field scale at three of five locations in trials conducted across the USA over a 4-year period. Nitrogen was particularly important for switchgrass production on fields with low initial soil N tests (SD and VA). Yields were lowest in year 1 (the first year after planting) at all locations and increased substantially in year 2, particularly at sites with lower stand frequencies in the establishment year. Nitrogen application rate was less important in terms of switchgrass compositional characteristics than location or year of harvest which may be particularly important to conversion facilities desiring a relatively consistent product.
